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ABSTRACT 
Integration of PbZr0.52Ti0.48O3 (PZT) films on glass substrates is of high importance for device 
applications. However, to make use of the superior ferro- and piezoelectric properties of PZT, well-
oriented crystalline or epitaxial growth with control of the crystal orientation is a prerequisite. In this 
article, we report on epitaxial growth of PZT films with (100)- and (110)-orientation achieved by 
utilizing Ca2Nb3O10 (CNO) and Ti0.87O2 (TO) nanosheets as crystalline buffer layers. Fatigue 
measurements demonstrated stable ferroelectric properties of these films up to 5×109 cycles. (100)-
oriented PZT films on CNO nanosheets show a large remnant polarization of 21 μC/cm2 that is the 
highest remnant polarization value compared to (110)-oriented and polycrystalline films reported in this 
work. A piezoelectric response of 98 pm/V is observed for (100)-oriented PZT film which is higher than 
the values reported in the literature on Si substrates.  
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MANUSCRIPT 
In the last few decades lead zirconate titanate, PbZrxTi1-xO3 (PZT), thin films have found a plethora 
of applications in microelectromechanical systems (MEMS)
1
 and memory devices.
2
 The choice of PZT 
in these applications stems from its remarkable ferroelectric and piezoelectric properties.
3
 These 
properties are strongly related to the quality of the crystal growth and the orientation of the PZT thin 
films
4,5
, therefore well-oriented crystalline growth or epitaxial growth with control of the orientation is 
highly desired. In addition, stability of the ferroelectric response after many switching cycles is a vital 
factor for long-term operation of the fabricated devices. SrTiO3 (STO)
6,7
, MgO
8
 and LaAlO3 (LAO)
9
 
substrates facilitate the epitaxial growth of PZT films due to three factors. (a) These substrates are stable 
against oxidation in the substrate thin film interface, (b) they are single crystalline and (c) the mismatch 
in the in-plane lattice parameters between the substrate and the film is small. On the other hand these 
substrates are difficult to process and expensive, therefore they have limited use in practical device 
applications. For practical applications, integration of PZT films on widely used inexpensive substrates 
such as Si and glass is required. Integration on glass is of high importance in order to pave the way to 
integrate PZT on amorphous structures, such as SiO2 that is commonly used in semiconductor devices 
and Mo/Si mirror coatings for extreme ultraviolet (EUV) photolithography.
10,11
 
Deposition of oxide films, including PZT, directly on Si substrates results in inter-diffusion of oxides 
into Si and formation of amorphous oxide layer in the substrate-film interface, therefore buffer layers are 
utilized to prevent the inter-diffusion process. STO and yttria-stabilized zirconia (YSZ)/CeO2 are such 
buffer layers that are commonly used to integrate epitaxial PZT films on Si substrates.
12-15
 However 
growth of these buffer layers require high temperatures, therefore they are not suitable for many 
applications. Integration of PZT films on Si using Pt buffer layers (also serves as bottom electrode) is a 
low temperature process, but the films show poor ferroelectric properties.
16,17
 Recently, integration of 
PZT films on Si have been achieved using nanometer-thick crystalline layers, namely nanosheets.
18
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Since the integration using nanosheets was achieved at 600 ºC, this gives an opportunity to extend the 
integration of PZT on glass using nanosheets.  
Initial growth studies on glass for flat panel display applications suffer from both mixed growth 
(pyrochlore and perovskite phase) and random orientation of the PZT films.
19-24
 It is well known that the 
electrode material has a large impact on the growth quality, crystalline orientation and ferroelectric 
properties
14,25-28
. Depositions on Pt or Au electrodes, that are known to have preferential growth at low 
temperatures, minimized the pyrochlore phase, but the resulting PZT films are polycrystalline.
29-32
 Using 
conductive oxide electrodes such as SrRuO3 (SRO) and LaNiO3 (LNO), the orientation control has been 
improved and undesired crystal orientations have been reduced.
33-36
 On the other hand, in these studies 
there is no detailed investigation of the piezoelectric properties, which is vital for device applications.  
In this paper we report on the growth of epitaxial (100)-oriented and preferentially (110)-oriented 
PZT films with LNO electrodes on glass substrates using Ca2Nb3O10 (CNO) and Ti0.87O2 (TO) 
nanosheet buffer layers, respectively. For comparison, a PZT film on Pt coated glass substrate was 
deposited under same growth conditions. In comparison to the PZT film deposited on Pt coated 
substrates, improved ferroelectric and piezoelectric properties were observed for the PZT films 
deposited on nanosheet buffered substrates. The whole PZT integration process including top and 
bottom electrode was achieved at growth temperature of 600 °C which makes it possible to extend the 
PZT deposition on amorphous structures with low processing temperatures. 
The processes of nanosheets synthesis and transfer to the substrates have been done as described by 
Nijland et al.
37
 The CNO and TO nanosheets were obtained from layered compounds of KCa2Nb3O10 
and K0.8[Ti1.73Li0.27]O4, respectively. Both layered compounds were treated by nitric acid in order to 
exchange potassium ions in the interlayers with protons resulting in HCa2Nb3O10·1.5H2O and 
H1.7Ti1.73O4·H2O solutions. The protonated compounds were treated by tetrabutylammonium to exfoliate 
the CNO and TO nanosheets. The nanosheets were transferred to the glass substrates using Langmuir-
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Blodgett deposition process, resulting in a dense coverage of the substrate surface. The substrates were 
ultra-low expansion (ULE) glass (Corning 7972) with 500 μm thickness. Prior to the deposition, the 
nanosheet coated substrates were annealed at 600°C for 60 minutes in 0.140 mbar oxygen pressure. This 
step helps to burn out any surfactant and increases the adhesion to the substrate. No peeling off was 
observed in the adhesion tests done with the scotch tape method. For the Pt sample, the glass substrate 
was first coated with 5 nm thick Ti to increase the adhesion and then with 100 nm thick Pt using radio 
frequency sputter deposition at room temperature.  
It is well known that the ferroelectric and piezoelectric properties of the PZT films vary with the 
composition and the PbZr0.52Ti0.48O3 composition at the morphotropic phase boundary (MPB) is usually 
preferred due to its high piezoelectric response. In this article, PbZr0.52Ti0.48O3 films were grown using 
pulsed laser deposition (PLD) with a KrF excimer laser at 248 nm wavelength with 20 ns pulse duration. 
The PZT films were sandwiched between LNO electrodes. The base pressure of the deposition chamber 
was kept at 5×10-7 mbar before increasing the temperature. The LNO and PZT layers were deposited at 
600 ºC and 585 ºC, respectively. Crystallographic properties were determined by a Philips X’Pert MRD 
x-ray diffractometer (XRD) with Cu-Kα radiation at 0.1548 nm wavelength. The cross-sectional 
scanning electron microscopy (SEM) images of the heterostructures were recorded using a Zeiss 
MERLIN HR-SEM. In order to enhance the homogeneity of the electric field, a 100 nm thick Pt film 
was deposited to every sample on the LNO top electrode using radio frequency sputtering at room 
temperature. Capacitors of 200×200 µm2 area were patterned using photolithography and structured 
using standard Argon ion etching. Current-electric field (I-E), polarization-electric field (P-E) loops and 
the remnant polarization (Pr) versus number of switching cycles (fatigue) were measured using an 
AixACCT TF Analyzer 2000 with bipolar triangular pulses at 1 kHz. The piezoelectric responses of the 
films were measured using a Polytec MSA-400 laser Doppler vibrometer (LDV) operating at 8 kHz. 
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The measured XRD patterns of the heterostructures are shown in Fig. 1. The crystallographic peaks 
are labeled with pseudo-cubic indexing.
38
 The peaks indicate a pure perovskite phase for all three 
heterostructures and no pyrochlore phase is observed. The heterostructures on CNO, TO and Pt yields 
pure (100)-oriented, preferentially (110)-oriented and polycrystalline films, respectively. The pure 
(100)-oriented growth on CNO nanosheet can be attributed to the perfect match of the in-plane square 
lattices (a = 3.86 Å) of the CNO and the LNO. This match prevents in-plane stress while the LNO film 
grows in (100) direction. Here it is important to note that each nanosheet flake has a regular square 
lattice matching the lattice of the LNO film therefore the growth is epitaxial in each flake. On the other 
hand distinct flakes can be rotated with respect to each other, therefore in-plane coherence across 
distinct flakes is not expected. The TO nanosheets have a 2D structure that is formed by edge linking of 
TiO6 octahedra in a lepidocrocite-type rectangular 2D lattice with in-plane lattice parameters of a = 3.76 
Å and b = 2.97 Å. The (100) face of the LNO cubic lattice (a = 3.86 Å) has a large mismatch in b-
parameter contrary to the close match in a-parameter. On the other hand, the (110) face of the LNO 
lattice (a = 3.86 Å, b = 5.45 Å) forms a close match to the two-fold lattice of the TO nanosheet 
(a = 3.76 Å, 2*b = 5.94 Å). The resulting lattice mismatch, which is below 8%, is small enough to allow 
preferential growth in (110) direction, but it is too large to achieve pure (110) growth, as evident from 
the small (111) peak visible in Fig. 1. The films on Pt layer shows mixture of distinct peaks with a 
strong (111) Pt peak as expected.  
The microstructure of the deposited films is shown in Fig. 2, as analyzed using HR-SEM. The film 
stacks Pt/LNO/PZT/LNO, grown on CNO, TO and Pt layers are shown in (a), (b) and (c) respectively. 
The thicknesses of the bottom LNO, PZT and top LNO layers are approximately 200 nm, 750 nm and 
200 nm, respectively. The LNO film on CNO nanosheets has a clearly visible interface to the PZT layer 
and the densest packing as compared to the TO and Pt samples.  
7 
 
The measured polarization-electric field hysteresis, current-electric field switching loops and 
remnant polarization versus number of switching cycles are shown in Fig. 3(a), Fig. 3(b) and Fig. 3(c), 
respectively. The remnant polarization (Pr) and coercive fields (Ec) of the samples derived from Fig. 3(a) 
are listed in Table 1 in comparison to the values from literature. The remnant polarization for CNO, TO 
and Pt samples are 17 µC/cm2, 8.3 µC/cm2 and 5.1 µC/cm2, respectively. The CNO sample has the 
highest and the Pt sample has the lowest remnant polarization, in relation to the epitaxial growth of the 
CNO sample and polycrystalline growth of the Pt sample. The remnant polarization and coercive 
field values from the literature show a large variation from 20 µC/cm2 to 32 µC/cm2 and from 
33 kV/cm to 140 kV/cm, respectively. On the other hand, the remnant polarization and coercive 
field values for our CNO sample are comparable to the values in Ref. 34 which has the same deposition 
temperature.  
TABLE I. Ferroelectric and piezoelectric properties of the PZT films. 
Materials 
Temperature 
(°C) 
Remnant 
polarization,  
Pr (µC/cm
2
) 
Coercive 
field,  
Ec (kV/cm) 
Effective piezoelectric 
coefficient,  
d33,f (pm/V) Reference  
Pt/LNO/PZT/LNO/CNO/Glass 600 17 74 98 This work 
Pt/LNO/PZT/LNO/TO/Glass 600 8.3 36 49 This work 
Pt/LNO/PZT/LNO/Pt/Glass 600 5.1 25 12 This work 
PZT/Au/Pt/NiCr/Glass 400 20 100 30 29 
PZT/Pt/Ti/Glass 550 28-30 51-54 - 30 
PZT/Pt/Ti/Glass 550 26 33 - 32 
ITO/LNO/PZT/LNO/ITO/Glass
*
 650 29 - - 33 
Au/PZT/LNO/Glass 600 22 58 - 34 
PZT/LNO/CNO/Glass 700 ~30 ~80 - 35 
PZT/SRO/YSZ/Glass 700 32 ~140 - 36 
*ITO: In2O3 90% SnO2 10%. 
The I-E switching loops plotted in Fig. 3(b) shows a much sharper current peak for CNO sample 
than the other two peaks indicating the higher quality of the growth. The switching loop of the Pt sample 
has two peaks both in positive and negative switching directions. Existence of double switching peaks is 
well reported in the literature and is attributed to the pinning of the domain walls
26,40
. By subsequent 
cycling the domain walls are depinned leading to single switching peak. The remnant polarization of the 
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films subjected to large number of switching cycles, namely the fatigue response, is shown in Fig. 3(c). 
After 5×109 switching cycles, the remnant polarization of the CNO and TO samples are constant as 
compared to the Pt sample. The remnant polarization of the Pt sample approximately doubles after the 
switching cycles are applied as a result of the depinning of the domain walls.  
In the last step, the longitudinal piezoelectric responses (d33,f) of the PZT films were locally 
measured using LDV. The samples were fixed to large metal plates with silver paste to minimize the 
bending of the substrate (which would affect the measurement). Maximum piezoelectric response for 
CNO, TO and Pt are 98 pm/V, 49 pm/V and 12 pm/V, respectively. The difference in the piezoelectric 
responses is a consequence of the difference in the orientations and the growth quality. Theoretically, 
highest piezoelectric response is predicted to be in (100)-oriented films and lowest in (111)-oriented 
films in accordance with our measurements.
5
 The effective piezoelectric response depends not only on 
the orientation of the films but also on the ratio of the electrode size to the substrate thickness.
40,41
 The 
CNO sample has higher piezoelectric response than the PZT films on Si substrates for similar electrode 
size to substrate thickness ratios.
41
 Achieving this remarkable piezoelectric response on an amorphous 
substrate shows the effectiveness of the presented nanosheet approach in integrating ferroelectric PZT 
films on glass substrates.  
In conclusion, we have grown and characterized epitaxial (100)-oriented and preferentially (110)-
oriented PbZr0.52Ti0.48O3 films on glass substrates using CNO and TO nanosheets. The fabricated films 
show comparable or higher ferroelectric and piezoelectric responses than the values reported in the 
literature. The presented approach can also be used in integrating PZT films on amorphous surfaces for 
semiconductor circuits, glass waveguides and amorphous coatings like EUV mirrors. 
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FIGURES 
   
FIG. 1.  XRD θ-2θ  scans of the LaNiO3/PbZr0.52Ti0.48O3/LaNiO3/Buffer/Glass heterostructures 
deposited using Pt, Ti0.87O2 and Ca2Nb3O10 buffer layers.  
 
 
FIG. 2.  SEM images of the PZT-electrode stacks with (a) Ca2Nb3O10, (b) Ti0.87O2 and (c) Pt as buffer 
layers. 
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FIG. 3. (a) Polarization-electric field hysteresis loops, (b) Current-electric field response, and 
(c) Remnant polarization- versus number of switching cycles. 
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FIG. 4. Longitudinal piezoelectric response (d33,f) of the three heterostructures measured using a laser 
Doppler vibrometer.  
 
